Small ubiquitin-like modifiers (SUMO) proteins have been implicated in cellular stress response in different tissues, but whether sumoylation has a similar role during spermatogenesis is currently unknown. In this study, changes in the levels of both free SUMO isoforms and high-molecular weight (HMW) SUMO conjugates were monitored before and after the induction of different types of cellular stresses. Using cell lines and primary cells freshly isolated from mouse testes, significant changes were detected in the levels of SUMO1 and SUMO2/3 conjugates following short exposure of the cells to heat stress and oxidative stress. While high concentrations of H 2 O 2 caused an increase in protein sumoylation, low concentrations of H 2 O 2 mostly caused protein desumoylation. Immunofluorescence studies localized SUMO to the sites of DNA double-strand breaks in stressed germ cells and during meiotic recombination. To study the effect of oxidative stress in vivo, animals exposed to tobacco smoke for 12 weeks were used. Changes in sumoylation of HMW proteins were consistent with their oxidative damage in the tobacco-exposed mice. Our results are consistent with the important roles of different SUMO isoforms in stress responses in germ cells. Furthermore, this study identified topoisomerase 2 a as one of the targets of sumoylation during normal spermatogenesis and under stress.
Introduction
Adult spermatogenesis consists of three phases: proliferation of spermatogonia, meiosis of spermatocytes, and differentiation of spermatids or spermiogenesis. These events are precisely controlled at each stage to ensure the formation of genetically balanced gametes. Posttranslational modification by small ubiquitin-like modifiers or SUMO proteins has been identified as an important regulatory event implicated in several cellular processes, including transcriptional regulation, protein stability, stress-induced responses, cell cycle progression, and the DNA repair process (Ayaydin & Dasso 2004 , Gill 2004 , Muller et al. 2004 , Zhao 2007 , Dasso 2008 ). Covalent addition of SUMO (sumoylation) with the formation of an isopeptide bond on a lysine residue of the target protein often, but not always, occurs within a SUMO consensus motif, and it involves maturation, activation, conjugation, and ligation steps mediated by specific protein complexes (E1, E2, and E3). Sumoylation is reversed through the action of sentrinspecific proteases that cleave the isopeptide bond between SUMO and its substrate (Ayaydin & Dasso 2004 , Gill 2004 , Muller et al. 2004 , Geiss-Friedlander & Melchior 2007 , Zhao 2007 , Dasso 2008 . Four SUMO paralogs have been identified: SUMO1, SUMO2, SUMO3 (often termed as SUMO2/3 because of their 95% sequence identity), and SUMO4, which may have common and distinct targets and functions within cells. While SUMO1, SUMO2, and SUMO3 are abundantly expressed in different tissues, SUMO4 is restricted to the kidney, liver, and lymph nodes (Bohren et al. 2004 , Dohmen 2004 , Li et al. 2005 . In addition to numerous identified targets of sumoylation, there is a growing list of proteins that interact with SUMO noncovalently through a SUMO-interacting motif , Chupreta et al. 2005 , Lin et al. 2006 , Kerscher 2007 ). Furthermore, a phosphorylation-dependent sumoylation motif has been discovered, supporting a complex interplay between different posttranslational modifications (Hietakangas et al. 2006) . Covalent and noncovalent SUMO binding to a target protein can modify the protein's activity, localization, and its ability to bind to other proteins or DNA. The exact model of how SUMO regulates these functions is largely unknown. SUMO1 and SUMO2/3 have been recently studied during mouse and human spermatogenesis, where they were localized to different subdomains of germ and somatic testicular cells (Rogers et al. 2004 , Vigodner & Morris 2005 , Vigodner et al. 2006 , Brown et al. 2008 , Metzler-Guillemain et al. 2008 , Vigodner 2009 ). This localization pattern is suggestive of multiple and nonidentical roles of SUMO in mitotic spermatogonia, meiotic spermatocytes, and differentiating spermatids. Consequently, a recent study showed differential Salle et al. 2008) . The localization pattern of SUMO1 and SUMO2/3 in the testis appeared not to be fully overlapping, although a recent study using SUMO1 knockout mice does not support differential roles of the SUMO isoforms during spermatogenesis . Male fertility has become a concern during recent decades. The overall sperm decline has been attributed to different environmental factors such as elevated scrotal temperature, increased levels of reactive oxygen species, alcohol abuse, and smoking (Anderson et al. 1983 , Sikka 1996 , Emanuele & Emanuele 1998 , Lue et al. 1999 , Rockett et al. 2001 , Dare et al. 2002 , Agarwal et al. 2003 , Aitken et al. 2003 , Muthusami & Chinnaswamy 2005 , Aitken & De Iuliis 2007 , Aitken & Roman 2009 ). An understanding of the stress response in germ cells is of crucial importance because genetic damage, such as DNA breaks, can lead to cancer or to the transmission of the affected DNA to the next generation.
In other tissues, SUMO proteins have been found to be involved with responses to cellular stresses, including oxidative, temperature, ethanol, and genotoxic stresses (Saitoh & Hinchey 2000 , Tempe et al. 2008 , Golebiowski et al. 2009 ). Whether sumoylation has a similar role in testicular cells is currently unknown. To address this and other questions regarding the role of sumoylation during spermatogenesis, we designed a series of experiments in which changes in the levels of both free SUMO isoforms and high-molecular weight (HMW) SUMO conjugates were compared before and after the induction of different types of cellular stresses. Our results are consistent with important roles of different SUMO isoforms in stress responses during spermatogenesis. Furthermore, this study suggests specific targets of sumoylation in normal testis and under stress.
Results

Western blot analysis of SUMO expression in freshly isolated mouse testicular cells
To gain insights into a possible role of sumoylation in the stress response during spermatogenesis, western blot analyses were employed to compare the levels of free SUMO and its HMW conjugates in cells equilibrated in the culture medium and subjected to heat, oxidative, and ethanol stresses. In Fig. 1A -C, the stress experiment (lanes 3-6) is shown alongside protein samples prepared immediately after the animals were killed either using or not using the isopeptidase inhibitor N-ethylmaleimide (NEM), which prevents cleavage of SUMO from the target proteins (lanes 1 and 2 respectively). SUMO2 and SUMO3 are 95% homologous and are detectable with the same antibody. However, the two proteins can be resolved on a gel because of their slightly different molecular weights. Both SUMO1 and SUMO2/3 antibodies detected bands of the size predicted for free SUMO isoforms (w15 kDa for SUMO1, and w15 and 18 kDa for SUMO2 and SUMO3 respectively) and HMW SUMO conjugates ( Fig. 1A and B ). Most of the HMW SUMO conjugates were NEM sensitive, although there were a few (such as apparently SUMO1-modified RANGAP1, the major specific SUMO1 band at w85 kDa) that were not ( Fig. 1B , Matunis et al. 1996) . In the absence of NEM, a major increase in the level of free SUMO1 and SUMO2 was detected, a finding that suggests a specific role for SUMO1 and SUMO2 in testicular cells. Unless indicated, NEM was added to the lysis buffer.
The exposure of cells to heat ( Fig. 1A and B , 438C) did not cause significant changes in global sumoylation compared with the control (control, C), but caused changes in the level of individual SUMO2/3 and SUMO1 targets. Following the exposure of cells to oxidative stress (H 2 O 2 ), a rapid increase in the overall level of HMW SUMO2/3 and SUMO1 conjugates was observed compared with the untreated cells (P!0.05), Figure 1 (A-C) Effects of stress on SUMO2/3, SUMO1, and TOP2A protein expression in testicular cells. After equilibrating in the culture medium, the cells were exposed to heat (438C), H 2 O 2 (100 mM), or ethanol (Eth, 7%) for 20 min followed by the preparation of whole cell lysates using the isopeptidase inhibitor NEM (Stress experiment). The stress experiment (lanes 3-6) is shown alongside protein samples prepared immediately after the animals were killed either using or not using NEM (lanes 1 and 2). Western blotting was performed using anti-SUMO2/3 antibody (A) followed by stripping and reincubation of the membrane with either SUMO1 (B) or TOP2A (C) antibodies. Free SUMO isoforms (arrowheads) and highmolecular weight SUMO conjugates (HMW) are shown. The 85 kDa band corresponds to SUMO1-conjugated RANGAP (B); the 170 kDa band corresponds to unmodified TOP2A (C). Arrowheads in A-C indicate possible sumoylated forms of TOP2A. The positions of 50, 80, 110, and 160 kDa molecular weight markers are indicated in A. Equal loading was determined using MAB anti-b-tubulin (Tub). Densitometry results for the level of free SUMO and HMW SUMO conjugates are shown from three independent experiments after normalization to tubulin. (D) Analysis of SUMO1 conjugation during the first spermatogenic wave. Testicular cells were isolated from pubertal mice on days 7, 18, 21, 23, and 30 post partum (dpp) during the first spermatogenic wave. Protein lysates were prepared with or without NEM. The arrow indicates a prominent NEM-sensitive HMW SUMO1 conjugate, which was absent in mitotic spermatogonia (day 7) but appeared in meiotic spermatocytes (days 18 and 21). The level of the protein decreased as the cells progressed through spermiogenesis (from day 23 to 30). (E) TOP2A is sumoylated in testicular cells. Testicular cell lysates were immunoprecipitated using antibodies against SUMO23 (S23), SUMO1 (S1), and TOP2A, followed by western blot analyses with anti-SUMO2/3 (upper panel) or anti-TOP2A (lower panel) antibodies. Molecular weight markers (MW), whole cell lysate (WCL), and negative control without antibodies (NEG) are shown. (F) SUMO2/3 and TOP2A are localized to centromeric heterochromatin in meiotic spermatocytes. Images A 2 and B 2 are identical fields to A 1 and B 1 respectively using DAPI staining alone. Arrows indicate localization of SUMO2/3 (green, A 1 ) and TOP2A (green, B 1 ) to centromeric heterochromatin intensely stained by DAPI. SUMO2/3 also localizes to the sex body area (asterisk, A). The scale bar is 10 mm. while changes in the level of some individual SUMO targets were detected after 20-min treatments with ethanol (Eth). Densitometry results obtained from three experiments are shown after normalization to tubulin. Differently from the study in somatic cells (Saitoh & Hinchey 2000) , no apparent invert correlation was obtained between the level of free SUMO and HMW conjugates after an increase in global sumoylation following the oxidative stress. This could be partially explained by a stress-induced activation of SUMO2/3 transcription in some testicular cells, as will be demonstrated below (Fig. 2) . The invert correlation can clearly be detected in lanes 1 and 2 (C/KNEM), supporting the sensitivity of the assay. Interestingly, the level of HMW SUMO conjugates was significantly higher in the freshly prepared sample (CNEM) than in the control one (C) prepared from the cells incubated for 2-3 h. This finding may indicate either a SUMOmediated stress response by hypoxia following the CO 2 animal asphyxiation, and/or possible changes in protein expression upon maintaining germ cells ex vivo.
Overall, SUMO1 and SUMO2/3 immunoblots were not identical. Some HMW bands were recognized by both antibodies, and some were detectable exclusively by either anti-SUMO1 or anti-SUMO2/3 ( Fig. 1A and B ). Furthermore, analysis using cells isolated from the testis of pubertal mice during the first spermatogenic wave revealed the presence of germ cell-specific SUMO targets. In Fig. 1D , for example, an arrow indicates a prominent NEM-sensitive HMW SUMO1 conjugate which was absent in mitotic spermatogonia (day 7), but which appeared in meiotic spermatocytes (days 18 and 21). The level of the sumoylated protein decreased as the cells progressed through spermiogenesis (from day 23 to 30). Therefore, further studies are needed to identify this and other cell-specific SUMO conjugates, as well as to differentiate between stress responses in different types of testicular cells.
Topoisomerase 2 a is a possible sumoylation target in testicular cells
Topoisomerases are one of the major SUMO targets in mitotic cells, in which they were also implicated in stress response. A specific topoisomerase isoform, topoisomerase 2 a (TOP2A), was abundantly expressed in germ cells, especially during meiosis (Cobb et al. 1999) , and the protein localization pattern partially resembled that of SUMO. As has been reported previously, in meiotic spermatocytes, SUMO localized to the inactivated sex chromosome (sex body) region ( Fig. 1F, 4,6 diamino-2-phenylindole (DAPI; arrows). TOP2A was also mostly concentrated in the area of centromeric heterochromatin ( Fig. 1F , panels B 1 and B 2 , arrows), but it was also detectable at low level along the chromosome axes in the whole nucleus. Localization of both SUMO and TOP2A to centromeric heterochromatin suggested a possible interaction of the two proteins in the germ cells. To test this hypothesis, the protein pattern obtained on SUMO1 and SUMO2/3 immunoblots was compared to that obtained after the incubation of the same membrane with the antibody against TOP2A. Several specific bands were detected using anti-TOP2A antibody, and the major band corresponded to unmodified TOP2A (170 kDa, Fig. 1C ). Higher molecular weight conjugate(s) were NEM sensitive and apparently represented the sumoylated form of the protein as they were also recognized by SUMO1 and SUMO2/3 antibodies ( Fig. 1A -C, arrowheads). Consistent with this suggestion, as the modified form(s) disappeared in the absence of NEM, the major 170 kDa TOP2A band became more prominent ( Fig. 1C ). We confirmed these results using co-immunoprecipitation assay, and were able to coimmunoprecipitate SUMO with anti-TOP2A antibody and vice versa ( Fig. 1E ).
Western blot analysis of SUMO expression in GC-1 spermatogonia and 15P1 Sertoli cells
In the initial steps in the characterization of cell-specific response in testicular cells, two cell lines, GC-1 spermatogonia (Spg) cells and 15P1 Sertoli cells, were employed (see Materials and Methods). As shown in Fig. 2A and B, GC-1 spermatogonia cells showed an increase in HMW SUMO1 and SUMO2/3 conjugates noticeable in the cells that underwent heat and oxidative stress (P!0.05). While GC-1 cells showed prominent stress-induced changes in global sumoylation, no statistically significant changes were detected in 15P1 Sertoli cells. Interestingly, differently from previously described phenomenon when the level of free SUMO gradually decreased as other proteins became sumoylated, in the cell lines used herein, certain stresses apparently also caused an increase in the level of free SUMO (mostly SUMO2 and SUMO1). This finding may suggest a possible very rapid activation of SUMO transcription and translation following the induction of the stress. Differently from heat and H 2 O 2 -induced stresses, ethanol caused no statistically significant changes in HMW SUMO conjugates. Further studies using enriched cell populations of testicular cells are needed to confirm this finding and to get more insights into the mechanism of cell-specific stress response during spermatogenesis. However, such studies can be compromised by time-consuming separation procedures and instability of SUMO conjugates.
Effect of different concentrations of H 2 O 2 on sumoylation in testicular cells
Initial experiments employed stress conditions that have been used previously to study sumoylation in somatic cells (Saitoh & Hinchey 2000) . In these experiments, the concentration of H 2 O 2 was very high, hardly reached in vivo. It has been recently reported that testicular cells are extremely sensitive to very low concentrations of SUMO and stress in testicular cells H 2 O 2 (Maheshwari et al. 2009 ). Furthermore, previous studies in somatic cells suggested different mechanisms that are responsible for changes in sumoylation following treatment with high and low H 2 O 2 doses (Bossis & Melchior 2006 , Xu et al. 2008 . Therefore, in this study, the pattern of sumoylation in testicular cells was compared at low and high concentrations of H 2 O 2 . It was found that differently from the results obtained at a high concentration (100 mM), at low concentrations (5-10 mM) of H 2 O 2 , there was a decrease in the level of HMW SUMO2/3 and SUMO1 conjugates (P!0.05). Figure 3A shows the differential effects of 100 mM and 10 mM H 2 O 2 on SUMO2/3 conjugation, and Fig. 3B shows a decrease in SUMO1 conjugation at 5 and 10 mM H 2 O 2 . At higher H 2 O 2 concentrations (1 mM and above), there was an overall increase in the level of SUMO2/3 and SUMO1 conjugates, which seemed to be dose-and time-dependent.
Analysis of sumoylation in vivo
Oxidative stress and increased intrascrotal temperature have been related to many cases of testicular failures and male infertility (reviewed in Aitken & Roman (2009) ). Therefore, an important question from the results obtained in this study using testicular cells ex vivo was their relevance to SUMO-mediated stress response in vivo. To take an initial step in this direction, we used animals that were exposed for a 12-week period to tobacco smoke (see Materials and Methods). Previous studies reported tobacco smoke as a serious cause of oxidative damage in other tissues, but whether this occurs in the testis is mostly unknown. Although there were no significant changes detected in testicular weight following exposure to tobacco smoke, a significant decrease in the level of certain HMW SUMO conjugates was detected in exposed mice compared with the control animals ( Fig. 4A and B for SUMO2/3 and SUMO1 respectively). Interestingly, for both SUMO isoforms, such a decrease resembled that seen after the treatment of testicular cells with low concentrations of H 2 O 2 (5 and 10 mM, Fig. 3A and B ) and, therefore, suggested a low level of oxidative stress. Indeed, by comparing the samples from the two animal groups using Oxyblot analysis (which detects carbonyl groups introduced into protein side chains as a result of oxidative stress), an increased level of oxidation was detected for some HMW proteins in the tobacco smoke-exposed mice (Fig. 4C, arrowhead) . A negative control for each sample was prepared using the reaction mixture without a derivatizing reagent (2,4-dinitrophenyl, DNP). Chemically derivatized markers (M) served as a positive control for the western blot procedure. Interestingly, the changes in sumoylation preceded significant changes in cell viability as seen by the presence of uncleaved 116 kDa isoform of PARP (an apoptotic protein undergoing cleavage into 89 and 24 kDa fragments during apoptosis, Fig. 4, PARP) . These findings suggest that changes in sumoylation serve as an early marker of oxidative stress in testicular cells. Figure 4 Effects of tobacco smoke on sumoylation and protein oxidation in testicular cells. Mice were exposed to tobacco smoke for a 12-week period as described in Materials and Methods. Whole cell lysates from testicular cells of exposed and control animals were prepared using NEM. Western blot analysis was performed using anti-SUMO2/3 (A) and SUMO1 (B) antibodies. The same protein samples were used for the Oxyblot analysis to detect the amount of carbonyl groups on cellular proteins which are introduced into protein side chains as a result of protein oxidation (C). Only two control and two exposed samples are shown, and a negative control without DNP-hydrazine (DNP, a derivatizing agent) was used for each sample. Western blotting was performed using an antibody specific to the DNP moiety of the proteins. Chemically derivatized molecular weight markers (M) served as positive controls. Changes in sumoylation of some high-molecular weight proteins (HMW) were consistent with their oxidative damage (arrowhead in A and C). Equal loading was determined using MAB anti-b-tubulin (Tub). Changes in sumoylation preceded significant changes in cleavage of 116 kDa PARP into 89 and 24 kDa fragments (A, PARP).
SUMO1 localizes to DNA double-strand breaks in stressed germ cells and during meiotic recombination
To confirm and expand the results obtained via western blotting, immunofluorescence analysis was performed using anti-SUMO antibodies and germ cells exposed to oxidative stress, as this type of stress caused the most notable changes in sumoylation. It is known that oxidative stress may cause DNA breaks; therefore, the cells were also co-labeled with a marker for DNA double-strand breaks, g (phosphorylated) H2AX. This analysis revealed that in addition to the previously described localization pattern of SUMO, in stress-induced cells, the protein was also localized to sites of DNA double-strand breaks. Figure 5A shows pachytene spermatocytes exposed to oxidative stress alongside control untreated cells. In control cells, SUMO1 and gH2AX were localized to the inactivated sex chromosome region (Fig. 5A, asterisk) . A low level of SUMO1 was also detectable in centromeric heterochromatin as marked by intense DAPI staining ( Fig. 5A, short arrows) . In H 2 O 2 -treated cells, the formation of DNA breaks could clearly be seen as sites to which both gH2AX and SUMO1 clearly localized to produce a merged yellow signal ( Fig. 5B 4 , long arrows) . SUMO in the centromeres is not co-localized with gH2AX, but rather stained intensely with DAPI (short arrows). It was difficult to conclude whether SUMO2/3 was also present at the sites of DNA double-strand breaks because of the background caused by a high SUMO2/3 signal at centromeric heterochromatin (not shown).
The presence of SUMO at the sites of doublestrand DNA breaks further suggested its possible role in meiotic recombination, which is an event time when double-strand breaks precede synapsis of homologous chromosomes in spermatocytes. To test this hypothesis, an isolated cell bioimaging was performed using gH2AX signal in the whole nucleus as a marker of early spermatocytes, cells where massive double-strand DNA breaks are induced by meiotic recombination. Accepting an overexposure of the SUMO1 signal in the sex body, a low level of SUMO1 has been detected throughout the nucleus of early spermatocytes, where it was mostly co-localized with gH2AX at the sites of DNA double-strand breaks (Fig. 6 ).
Discussion
Defects in spermatogenesis can result in the formation of abnormal sperm, which can prevent fertilization and lead to birth defects. Various environmental factors such as elevated scrotal temperature and oxidative stress have been linked to abnormal spermatogenesis and infertility (Anderson et al. 1983 , Emanuele & Emanuele 1998 , Lue et al. 2000 , Rockett et al. 2001 , Dare et al. 2002 , Agarwal et al. 2003 , Aitken & Baker 2006 , Gautam et al. 2007 , Aitken & Roman 2009 , Shiraishi et al. 2010 . 20 min B 1 -B 4 ) spermatocytes were co-immunolabeled using anti-gH2AX (red) and anti-SUMO1 (green) antibodies. DAPI stains chromatin in blue. Centromeric heterochromatin is indicated by short arrows, the sex body region is indicated by an asterisk, and DNA double-strand breaks are indicated by long arrows. In H 2 O 2 -treated cells, the formation of DNA breaks could clearly be seen as sites where both gH2AX and SUMO1 localized producing a merged yellow signal (B 4 , long arrows). SUMO in the centromeres is not co-localized with with gH2AX, but it is intensely stained with DAPI (short arrows). The scale bar is 10 mm.
SUMO and stress in testicular cells
Since their discovery, SUMO proteins have been actively studied during the last decade. Studies in somatic cells specifically implicated SUMO2/3 and not SUMO1 in global sumoylation of cellular proteins following oxidative, osmotic, and heat stresses. SUMOs have been recently localized in different germ and somatic testicular cells, but their role during spermatogenesis as well as the targets of sumoylation in the testis are currently unknown. The results provide evidence about important roles of different SUMO isoforms in stress responses in germ cells in vitro and in vivo. Furthermore, this study identified TOP2A as one of the possible targets of sumoylation in testicular cells.
It has been suggested that the level of free SUMO1 is limited in somatic cells compared with the levels of SUMO2/3 (Saitoh & Hinchey 2000) . In contrast to these observations, using testicular cells and the antibodies employed in this study, the level of SUMO1 was comparable to that of SUMO2/3, and both the isoforms were involved in stress-mediated response. Interestingly, the stress-induced SUMO changes mostly affected the levels of free SUMO1 and SUMO2, while small or no changes were detected in the level of free SUMO3. Similar changes in stress-induced sumoylation were obtained in Arabidopsis (Kurepa et al. 2003 ), suggesting an evolutionarily conserved specific role for SUMO1 and SUMO2 in stress response.
Sumoylation of topoisomerases has been implicated both in normal cell functions and in response to stress. The family plays an important role in mitotic chromosome structure and centromeric cohesion, which is down-regulated through TOP2 sumoylation (Azuma et al. 2003 , Dasso 2008 ). Furthermore, certain genotoxic, oxidative, and heat shock stresses rapidly increased the level of SUMO TOP1 and SUMO TOP2 conjugates (Mao et al. 2000 , Agostinho et al. 2008 . A specific role of TOP2A in germ cells has been suggested, but whether the protein's activity in these cells is regulated by sumoylation remains unknown (Cobb et al. 1999) . The results of this study provide evidence that such a regulation exists, and that TOP2A is sumoylated in the germ cells. SUMO and TOP2A show similar localization patterns in meiotic spermatocytes, suggesting an involvement of the two proteins in the regulation of the structure and dynamics of meiotic chromosomes. Further studies are needed to understand the functional role of sumoylation in the regulation of TOP2A as well as of other isoforms of the protein. One of the limitations of these studies is that only a small fraction of a protein is being sumoylated, thus making it difficult to see small changes in the level of the sumoylated protein (Tatham et al. 2009 ).
SUMO-conjugating and SUMO-deconjugating enzymes are highly sensitive to stresses caused by different stimuli. For example, high concentrations of H 2 O 2 have been shown to inhibit the SUMO deconjugation machinery and, therefore, to cause global hypersumoylation (Saitoh & Hinchey 2000) . In contrast, low H 2 O 2 concentrations first affect SUMO-conjugating enzymes, causing desumoylation (Bossis & Melchior 2006) . These findings are consistent in part with the results obtained in this study. New studies have also shown that sumoylation can serve as a marker for damaged cellular proteins that then undergo ubiquination and degradation (Geoffroy & Hay 2009 ). In agreement with this possible role of sumoylation, in this study, a high concentration of H 2 O 2 caused hypersumoylation of numerous HMW proteins. In support of this idea, overexpression of the chaperone HSP70 in Arabidopsis cells decreased the level of misfolded proteins and the number of stress-induced HMW SUMO conjugates (Kurepa et al. 2003) .
Our experiments using mice exposed to tobacco smoke also supported this idea, as reduced sumoylation and increased oxidative damage of certain HMW proteins were shown in the testis of exposed animals compared with the controls. The results of this study also suggest that CO 2 euthanasia causes a high level of SUMO-mediated stress response in cells. This finding is in agreement with the results of a new study, in which a significant increase in the level of stress markers was detected in the animal blood following a brief exposure to CO 2 (Reed et al. 2009) .
SUMO1 is detectable at the DNA double-strand breaks during meiotic recombination. Leptotene-zygotene spermatocytes (L-Z) were identified by the presence of massive DNA double-strand breaks in the whole nucleus, sites to which both gH2AX (red) and SUMO1 (green) were localized. Pachytene spermatocytes (PS) were characterized by the presence of the fully formed sex body region in which gH2AX and SUMO1 were seen co-localized (asterisk). In PS, SUMO1 was also detectable at a low level at centromeric heterochromatin as indicated by small arrows. The scale bar is 10 mm.
Following oxidative stress, germ cells showed massive DNA breaks, to which both gH2AX and SUMOs were localized, a finding which has not been reported previously in germ cells. The presence of SUMO close to the sites of DNA breaks in germ cells suggests a role for sumoylation in either the formation or the repair of DNA double-strand beaks. Consistent with this suggested role of sumoylation, in nontesticular cells, an increasing number of proteins either directly involved with DNA damage repair or associated with the cellular response to DNA damage are activated by sumoylation (Bergink & Jentsch 2009 ).
In agreement with the results described above, for the first time in this study, SUMO1 was also detected at the sites of DNA double-strand breaks preceding meiotic recombination. Previous confocal studies by our group failed to detect SUMO1 in the nucleus of early spermatocytes using intact seminiferous tubules, although based on its localization dynamics that is similar to that of other DNA repair proteins during the zygotene and pachytene stages, such localization has been suggested (Vigodner 2009 ). As seen in Figs 5 and 6, the level of SUMO at double-strand breaks was low compared with the amount of the protein in the sex body, so an overexposure of the sex body signal had to be accepted to detect the protein in other regions of meiotic spermatocytes. This study also employed different and apparently more sensitive anti-SUMO1 antibodies than the confocal studies. Furthermore, although the isolated cell bioimaging used in this study lacked the ability to observe numerous spermatocytes from the same development stage compared with confocal microscopy, in some cases, it gave a higher sensitivity at the level of an individual cell, as cells were not imaged within the tissue. Nevertheless, despite big advances in the field, germ cell immunofluorescence techniques still have some limitations, including different fixation and staining techniques, specificity of available antibodies and their sensitivity. These differences can cause differently interpreted results. For example, the first localization study in humans detected SUMO on the sex chromosomes of some meiotic spermatocytes, and another study argued such localization (Vigodner et al. 2006 , Metzler-Guillemain et al. 2008 . However, the last study failed to detect any signal along synaptonemal complexes in pachytene spermatocytes, while another group demonstrated such localization and suggested synaptonemal complex proteins as possible sumoylated targets (Brown et al. 2008 , Metzler-Guillemain et al. 2008 . Therefore, given these limitations and the complexity of SUMO regulation, various approaches, including the analysis of SUMO proteins in transgenic animals where specific genes regulating meiotic prophase have been inactivated, should be used to unravel the roles that SUMO proteins play during spermatogenesis. Further studies will also be aimed to identify and characterize cell-specific targets of SUMO in the testis, especially those that show changes in their expression upon stress, toxic exposure, or other pathological conditions. Together, these studies will lead to a better understanding of spermatogenesis and the causes of male infertility, and they may provide new insights into the role of sumoylation in other tissues and organs.
Materials and Methods
Experimental cell lines, laboratory animals, and antibodies Spermatogonia (GC-1) and Sertoli (15P1) cell lines were obtained from the American Type Tissue Culture (Manassas, VA, USA). The GC-1 cells were derived from type B spermatogonia, and they express two testis-specific isoproteins, cytochrome c, and lactate dehydrogenase C4 (Hofmann et al. 1992) . Transplanted GC-1 cells were capable of differentiating into spermatids in an in vivo microenvironment (Wang et al. 2009 ). The 15P1 cell line exhibits some characteristics of Sertoli cells, including their transcription of Wilms' tumor (Wt1) and Kitl (Steel) genes (Rassoulzadegan et al. 1993) , and their phagocytic activity (Grandjean et al. 1997) . The cells also express KITL (KL) protein, a ligand of the KIT receptor, which is also expressed in Sertoli cells (Vincent et al. 1998 , Vidal et al. 2001 . Cells were cultured in DMEM supplemented with 10% fetal bovine serum, and the GC-1 cells were incubated at 37 8C and the 15P1 cells (5% CO 2 ) at 32 8C.
Adult male C57B16 mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Animals were housed in standard lighting (12 h light:12 h darkness), and they had access to food and water ad libitum. They were maintained in facilities approved by the American Association for the Accreditation of Laboratory Animal Care. Procedures involving the use of animals strictly followed the Guidelines for Care and Use of Laboratory Animals set forth by the NIH.
Mice were killed by CO 2 asphyxiation. Testes were surgically excised, and tunica albuginea, remains of fat and connective tissue were removed. A single cell suspension was prepared by mincing the testes with surgical scissors in 1 cc of cold PBS (5 min, RT). PBS was added to the final volume of 5 cc, and tubule fragments were mechanically dissociated using Pasteur pipettes. The cells were filtered through a nylon mesh (100 micron, Small Parts), and kept on ice. A portion of the cells was used immediately to prepare cell lysates. Another portion was incubated at 32 8C in complete DMEM for 2-3 h until stress and drug treatment.
Testicles from mice of different ages (7, 18, 21, 23, and 28 days post partum) were obtained from the Jackson Laboratory. Tissues were snap frozen in liquid nitrogen immediately after excision, shipped on dry ice, and kept at K80 8C until the analysis.
Rabbit polyclonal antibodies against SUMO2/3 and SUMO1 were purchased from Abcam (Cambridge, MA, USA). A MAB against phosphorylated histone H2AX (Ser139, gH2AX) was purchased from Upstate Cell Signaling Solutions (Lake Placid, NY, USA). Rabbit polyclonal antibodies against TOP2A were purchased from Abcam and Cell Signaling (Boston, MA, USA). All remaining reagents were purchased from Sigma, unless otherwise noted.
SUMO and stress in testicular cells
Stress and drug treatment
About 10 7 cells were gently centrifuged, the pellet was resuspended in 100 ml of serum-free medium, and the cells were subjected to 100 mM H 2 O 2 , or 7% ethanol stress for 20 min. For heat stress, cells were incubated at 43 8C for 20 min (Saitoh & Hinchey 2000) . Experiments with low doses of H 2 O 2 were performed for 1 h (Maheshwari et al. 2009 ).
The treatments were followed by preparation of whole cell protein lysates and slides. Each experiment was repeated four times.
Protein extraction and western blot analysis of SUMO expression
Following the application of cellular stress, whole cell protein lysates were prepared using the Whole Cell Extraction Kit and Protease Inhibitor Cocktail (Chemicon, Temecula, CA, USA) according to the manufacturer's instructions with or without isopeptidase inhibitor NEM (20 mM, prevents cleavage of SUMO from modified proteins). Cellular debris was pelleted by centrifugation, and protein concentrations were determined with the bichromic acid protein assay using BSA as the standard (Pierce, Rockford, IL, USA).
Proteins (30 mg each) were mixed with a sample buffer containing NuPAGE reducing agent (Invitrogen), and heated for 10 min at 70 8C. Gel electrophoresis, under reducing conditions, was performed using NuPAGE 4-12% bis-Tris polyacrylamide gels and MOPS running buffer (Invitrogen) at a constant 200 V. After electrophoresis, proteins were transferred onto a nitrocellulose membrane (0.45 mm, Invitrogen) using NuPAGE transfer buffer. Protein electrophoresis and transfer were performed using Invitrogen's XCell SureLock Mini-Cell Electrophoresis system. Western blotting was performed using the Western Breeze Chemiluminescent Immunodetection Kit (Invitrogen) or ECL plus kit (GE Healthcare, Piscataway, NJ, USA) following the user's manual. SUMO1 or SUMO2/3 antibody was used at a 1:500 dilution in 1% PBS/BSA and 0.1% sodium azide. Equal loading was determined using MAB anti-b-tubulin (1:2000; Invitrogen). Quantitative analysis was performed using Quantity one program (Bio-Rad Laboratories). Densitometry results obtained from three experiments are shown after normalization to tubulin.
Co-immunoprecipitation
About 500 mg of proteins were incubated with antibodies against SUMO (Abcam, 1:50 final dilution) or TOP2A (Cell Signaling, 1:20 final dilution) for 2 h at 4 8C. The antigenantibody complexes were captured with a mixture of 50 ml of Protein G beads (50% slurry) and 50 ml of Protein A beads (30% slurry) for 1 h at 4 8C. The precipitated complexes were washed by centrifugation three times with whole cell extraction buffer (15 mM NEM) and one time with PBS. Proteins were released from the beads by boiling in the sample buffer (5 min, 90 8C), and were subjected to electrophoresis followed by western blot analyses.
Detection of protein oxidation
An OxyBlot kit (Millipore, Billerica, MA, USA) was used to immunodetect carbonyl groups (which are introduced into protein side chains as a result of protein oxidation) according to the user's manual. Briefly, to derivatize the carbonyl groups to DNP-hydrazone, cell lysates (w10 mg) were treated with DNP-hydrazine for 15 min at room temperature, and were then neutralized using the neutralization buffer provided with the kit. A negative control without DNP-hydrazine was used in each experiment. Proteins were then separated on 4-12% NUPAGE gels and transferred onto nitrocellulose membranes as described above. Western blotting was performed using an antibody specific to the DNP moiety of the proteins. Chemically derivatized molecular weight markers served as the positive controls. Equal loading was determined using MAB anti-b-tubulin (1:2000; Invitrogen).
Fixation and immunofluorescence analysis using SUMO antibodies
To inhibit cell recovery from stress, cells were immediately fixed in 1% paraformaldehyde. The cells were then attached to glass microscope slides using cytocentrifugation and washed three times in PBS.
Fixed cells on the slides were treated for 10 min with 0.3% Igepal (NP-40; Sigma) and pre-blocked for 30 min with Image-IT FX Signal Enhancer (Molecular Probes, Eugene, OR, USA). Cells were rinsed with PBS and incubated with a mixture of either anti-SUMO1 or anti-SUMO2/3 antibody and phosphorylated histone H2AX (Ser139, gH2AX), at final dilutions of 1:150 and 1:400 in PBS/1% BSA for SUMO and gH2AX respectively. Following one wash with PBS, the cells were incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Molecular Probes) and Texas Red goat anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA) at a 1:150 dilution in PBS containing 1% BSA, and were then washed three times. Topoisomerase immunostaining was performed using anti-TOP2A antibody (Abcam) followed by incubation with Alexa Fluor 488-conjugated goat anti-rabbit IgG. Cell nuclei were stained for 5 min with 4 mg/ml of DAPI, and were then rinsed with PBS. The slides were mounted using ProLong Antifade Kit (Molecular Probes). Images were collected using a Nikon inverted fluorescent microscope, a 40! lens, and DAPI, FITC, and CY-5 filter sets. At least 50 cells were analyzed.
Smoke exposure
The tobacco smoke exposure was performed in the laboratory of Dr Jeanine D'Armiento, Division of Molecular Medicine, Columbia University, New York. Mice were exposed to cigarette smoke in a specially designed chamber for 5 h/day for 5 days a week for 12 weeks. Two 70-ml puffs per minute from research cigarettes (Type 2RF; Tobacco Health Research Institute, Lexington, KY, USA) were generated by a smoking machine (Teague Enterprises, Davis, CA, USA), and were then diluted with fresh air and delivered to the whole body exposure chambers. Detailed protocols are available (Foronjy et al. 2006) .
